Bacteria communicate by means of chemical signal molecules called autoinducers. This process, called quorum sensing, allows bacteria to count the members in the community and to alter gene expression synchronously across the population. Quorumsensing-controlled processes are often crucial for successful bacterial-host relationships-both symbiotic and pathogenic. Most quorum-sensing autoinducers promote intraspecies communication, but one autoinducer, called AI-2, is produced and detected by a wide variety of bacteria and is proposed to allow interspecies communication 1,2 . Here we show that some species of bacteria can manipulate AI-2 signalling and interfere with other species' ability to assess and respond correctly to changes in cell population density. AI-2 signalling, and the interference with it, could have important ramifications for eukaryotes in the maintenance of normal microflora and in protection from pathogenic bacteria.
strains are avid AI-2 consumers because the lsr operon is derepressed. By contrast, LsrK 2 strains never consume significant amounts of AI-2 due to their inability to de-repress lsr transcription (Fig. 1b, Supplementary Figs 1S and 2S; refs 8, 11 ).
In mixed-species consortia, production and consumption of AI-2 by enteric bacteria should have reciprocal effects on gene regulation in other bacterial species that communicate using AI-2. When enteric bacteria supply AI-2, a nearby species could use the information to count the enteric cells in the mixed-species community or prematurely activate the expression of quorum-sensing-regulated genes. However, when enteric bacteria remove AI-2, a neighbouring species could underestimate cell number and fail to initiate or incorrectly terminate quorum sensing. Thus, consuming AI-2 could allow enteric cells to interfere with AI-2-mediated communication in other bacteria.
When E. coli is grown in pure culture, AI-2 is required to activate lsr expression, as shown by comparing wild-type cells (first bar in Fig. 2a ) with LuxS 2 cells (second bar in Fig. 2a ). Induction of lsr expression also occurs when LuxS 2 E. coli is mixed with wild-type V. harveyi (third bar in Fig. 2a) , and depends on the AI-2 supplied by V. harveyi because no lsr activation occurs when LuxS 2 E. coli is combined with LuxS 2 V. harveyi (fourth bar in Fig. 2a) . Thus, E. coli detects and responds to its own AI-2 and also to AI-2 produced by V. harveyi.
We also examined the effects of E. coli AI-2 production and consumption on the behaviour of V. harveyi using bioluminescence as an indicator. When incubated with wild-type E. coli, wild-type V. harveyi at high cell density produces only 18% of the bioluminescence (light) it produces in pure culture (first and second black bars in Fig. 2b) . Thus, E. coli consumes both its own AI-2 and the AI-2 of V. harveyi, causing a reduction in light output from V. harveyi. Coculture of wild-type V. harveyi with LsrR 2 E. coli (a constitutive AI-2 importer) causes a greater reduction in V. harveyi bioluminescence (third black bar in Fig. 2b) . Diminution of light is due exclusively to Lsr-mediated transport of AI-2 into E. coli because no reduction in light production occurs when V. harveyi is co-cultured with the LsrK 2 E. coli mutant that does not internalize AI-2 (fourth black bar in Fig. 2b) .
In addition to AI-2, V. harveyi produces an autoinducer called AI-1 and responds to it through the LuxN sensor ( Fig. 1a; strains induce bioluminescence only in response to AI-2, whereas wild-type cells respond to both AI-1 and AI-2 (first grey bar in Fig. 2b ). Growth of LuxN 2 V. harveyi with wild-type and LsrR 2 E. coli reduces light output to 2% and ,1%, respectively (second and third grey bars in Fig. 2b ). E. coli has a stronger effect on LuxN 2 V. harveyi than on wild-type V. harveyi because wild-type V. harveyi retains its response to AI-1, the levels of which are not altered by E. coli consumption of AI-2. When LuxN 2 V. harveyi is co-cultured with the LsrK 2 E. coli mutant, increased light production occurs in response to the additional AI-2 provided by the internalizationdefective E. coli cells (fourth grey bar in Fig. 2b) . Finally, these effects of AI-2 on V. harveyi require the LuxQ sensor (Fig. 1a) because manipulating extracellular AI-2 levels by co-culture with E. coli does not alter light production by the LuxQ 2 V. harveyi (white bars in Fig. 2b) .
Dilution of V. harveyi in pure culture causes autoinducer levels to fall below those required for detection, and bioluminescence expression terminates at low cell densities. During subsequent growth, autoinducers are again released and, on achieving a threshold concentration, they are detected and the cells respond by inducing a rapid increase in light production. Our premise is that in mixed cultures, early production and later consumption of AI-2 by E. coli should inversely affect the quorum-sensing response of V. harveyi. To test this idea, we measured V. harveyi bioluminescence during growth in co-culture with different strains of E. coli. Both species were diluted to a low cell density and combined under conditions allowing each to grow exponentially (Fig. 3a) . V. harveyi grown with the non-AI-2-producing, non-AI-2-importing E. coli LuxS 2 ,LsrK 2 strain shows the characteristic initial decline in bioluminescence followed by the rapid increase to the maximal, pre-dilution level of light production (crosses in Fig. 3b ). In the presence of all AI-2-producing E. coli strains tested, the initial decrease in bioluminescence is greatly reduced because V. harveyi rapidly initiates quorum sensing in response to the AI-2 supplied by E. coli (filled squares, plus signs and filled triangles in Fig. 3b ). At later time points, corresponding to post-lsr-induction, all E. coli strains that have LsrK, and are therefore capable of transporting AI-2, consume the AI-2 (filled squares, plus signs and open circles in Fig. 3b ). This has the consequence of decreasing V. harveyi light output by almost 100-fold compared with V. harveyi grown in the presence of LsrK 2 strains that are unable to internalize AI-2 (filled triangles and crosses in Fig. 3b ). Mixing V. harveyi with the E. coli LsrR 2 strain results in the most pronounced reduction in light production, presumably owing to the constitutive removal of AI-2 (plus signs in Fig. 3b) .
A more marked effect on V. harveyi quorum sensing occurs when exponential-phase V. harveyi encounters the E. coli strains in stationary phase (Fig. 3c) . In this case, at the time of mixing wild-type E. coli is induced for lsr expression, and the cells are actively internalizing AI-2. An almost immediate and continuous decrease in V. harveyi bioluminescence occurs (filled squares in Fig. 3d ), which is even more obvious in the mixture containing the LsrR 2 E. coli strain (plus signs in Fig. 3d ). In contrast, co-culture with stationary-phase LsrK 2 E. coli results in a steady maintenance of maximal light production in V. harveyi (filled triangles in Fig. 3d ), owing to the presence of AI-2 produced by the transport-deficient E. coli mutant. As expected, in the presence of the LsrK 2 ,LuxS 2 E. coli strain, V. harveyi shows density-dependent bioluminescence (crosses in Fig. 3d ). Mixing V. harveyi with LuxS 2 E. coli cells initially has no effect on V. harveyi quorum sensing because the LuxS 2 E. coli strain has not been exposed to AI-2 before the addition of V. harveyi, so the Lsr transporter is repressed (open circles in Fig. 3d ). During coincubation of these bacteria, the V. harveyi-produced AI-2 induces LuxS 2 E. coli cells to express the Lsr transporter. E. coli cells then consume AI-2, causing a reduction in V. harveyi light production. Therefore, at later time points, light output from the V. harveyi strain mixed with the E. coli LuxS 2 strain falls below that of V. harveyi co-incubated with the E. coli LsrK 2 ,LuxS 2 strain. The V. harveyi quorum-sensing regulon contains many genes, and, presumably, all are susceptible to the effects of AI-2 production and consumption within consortia. To examine this possibility, the expression of the TTS gene vopN was measured in co-cultures of different E. coli and V. harveyi strains. TTS genes are repressed by autoinducers at high cell density in V. harveyi (Fig. 1a; ref. 9) . Fig. 4a ), demonstrating that in the previous mixtures (depicted by the black bars in Fig. 4a ) E. coli has not internalized all of the AI-2. As in Fig. 2a , AI-2 production and consumption does not affect vopN expression if V. harveyi lacks LuxQ (white bars in Fig. 4a) .
We recognize that V. harveyi, which routinely lives in mixedspecies marine communities, is unlikely to coexist in the same environment as E. coli. In contrast, V. cholerae must coexist with E. coli during pathogenic associations with humans. To determine whether E. coli AI-2 consumption could interfere with V. cholerae signalling, we measured the expression of a gene that is activated during quorum sensing: hapA, encoding the H/A protease. These results mimic those of TTS gene expression in V. harveyi (Fig. 4a) except that the pattern of regulation is reversed (Fig. 4b) . Induction of gene expression occurs in mixtures containing E. coli strains incapable of AI-2 transport (black bars in Fig. 4b ; compare LsrK 
,LuxS
2 cells) and induction of gene expression does not occur in mixtures containing E. coli strains that can transport AI-2 (black bars in Fig. 4b ; compare wild-type cells to LsrR 2 cells). AI-2 consumption has a more modest effect on vopN and hapA regulation than on the regulation of bioluminescence. Many environmental factors are known to control H/A protease production and TTS (refs 10, 12) . AI-2 interference probably has more subtle effects on H/A protease levels and TTS than on bioluminescence because additional regulators exert control over H/A protease and TTS output, and regulation by these factors remains unchanged in our experiments.
Our results show that AI-2 can mediate two-way communication between bacterial species, because when E. coli and V. harveyi are grown in co-culture, AI-2 production by either species can regulate light production in V. harveyi and trigger lsr induction in E. coli. Thus, AI-2 production allows each species to include the other in the 'census' . Because E. coli and V. harveyi respond to AI-2 signals with different structures 2, 4 , cross-communication implies that the signal released by one species must convert into that used by the other species. Presumably, these transformations occur in the medium between the sender and receiver cells. This is of particular interest given that Vibrio species detect an AI-2 molecule containing boron, whereas there is no boron in the AI-2 signal recognized by enteric bacteria 2, 4 . Our results demonstrate that these marked chemical interconversions are occurring on a timescale that promotes major effects on gene expression.
In model V. harveyi-E. coli mixtures, induction of lsr genes in E. coli results in the assembly of the AI-2 transporter and subsequent consumption of AI-2. This has the consequence of inhibiting light production from V. harveyi, demonstrating that E. coli interferes with AI-2-mediated communication by causing V. harveyi to terminate prematurely its quorum-sensing behaviours. The impact of the E. coli AI-2-Lsr system is not restricted to interfering with the activation of bioluminescence because repression of TTS is also affected. These findings imply that interference with AI-2 signalling influences the expression of entire quorum-sensing regulons. Lsr-mediated interference with AI-2 signalling also occurs in co-cultures of E. coli and V. cholerae, two bacteria that certainly cocolonize the human intestine during V. cholerae infection. We do not expect these interactions to be restricted to enteric bacteria; in fact, the disappearance of AI-2 in stationary phase has been reported for diverse bacterial species, indicating that either Lsr transporters exist in these species, or that additional mechanisms exist to eliminate AI-2 (ref. 13) . Any species of bacteria that relies on AI-2-mediated communication and inhabits niches containing another bacterial species that produces and/or consumes AI-2 could be similarly affected. Whether quorum sensing is enhanced or inhibited will depend on the growth status of the different species when they encounter one another. Complex pro-and anti-AI-2-mediated interactions could be taking place in natural niches. It is also possible that eukaryotes have capitalized on this by evolving specific associations with bacteria that use or manipulate AI-2 signalling. These interactions could have important consequences for humans in the maintenance of normal gut microflora, in addition to the prevention of bacterial diseases.
METHODS
Bacterial strains and growth conditions. Bioluminescence was measured in V. harveyi strain BB120 (wild type; ref. 17) , and all have a hap-luxCDABE transcriptional fusion cloned into a plasmid containing a chloramphenicol resistance (Cm r ) marker. The hap-luxCDABE transcriptional fusion was constructed as reported 18 , except that a PCR-amplified fragment containing the promoter region of V. cholerae hapA was cloned into unique SpeI to BamHI sites. The V. cholerae strains used are: BH1220 (wild type), BH1312 (luxS 2 ) and BH1253 (luxQ 2 ). Details of their construction will be reported elsewhere (B. K. Hammer and B.L.B., manuscript in preparation). E. coli strains used for co-culture with V. cholerae are identical to those described for Fig. 3 except for KX1583 (wild type), which contains a Cm r marker downstream of the luxS gene. Addition of chloramphenicol was required in E. coli-V. cholerae co-cultures to maintain the plasmid harbouring the hapA-luxCDABE fusion in V. cholerae. Co-cultures were grown in Luria-Marine (LM) medium (ref. 5) in experiments with V. harveyi, or in Luria-Bertani (LB) medium supplemented with chloramphenicol (10 mg l 21 ) in experiments with V. cholerae. All cultures were incubated at 30 8C with aeration. b-Galactosidase assays. Overnight cultures of E. coli and V. harveyi strains were diluted 1:1,000 into LM and grown for 8 h, after which time lsr-lacZ expression was measured. When vopN-lacZ expression was measured, V. harveyi strains were diluted 1:5,000 into LM and 1:100 dilutions of overnight cultures of E. coli were added. Cultures were grown for 18 h because expression of TTS genes is maximal in stationary phase. Cells from 1 ml of culture were resuspended in 1 ml of Z buffer for b-galactosidase assays 19 . The values shown represent the average of triplicate experiments. Bioluminescence assays. Overnight cultures of V. harveyi strains were diluted 1:5,000 into LM. In co-incubation experiments, 1:100 dilutions of overnight cultures of E. coli were added. In the experiments shown in Fig. 2b , bioluminescence was measured after 12 h of incubation. In the experiments shown in Fig. 3c and d, the V. harveyi strains were added to E. coli cultures that had been pregrown for 4 h in LM. At the reported times, aliquots were plated to determine the number of colony-forming units (c.f.u.), and bioluminescence was measured using a liquid scintillation counter (Wallac model 1409, PerkinElmer). Analysis of hapA-luxCDABE expression. Overnight cultures of E. coli and V. cholerae were diluted 1:1,000 into LB supplemented with chloramphenicol and grown for 16 h. Aliquots were plated to determine c.f.u., and luciferase activity from the hapA-luxCDABE fusion was measured in a liquid scintillation counter. Values shown represent the average of triplicate experiments.
Measurements of cell number in co-cultures. In all co-culture experiments, the mixtures of cells were plated onto two different types of media. The media conditions were chosen so that they either permitted growth of only one of the two species in the mixture, or the colonies of each species could be distinguished visually by morphology. This strategy allowed us to determine the cell numbers of both species in each co-culture experiment. V. harveyi c.f.u. were assessed following overnight incubation at 30 8C on LM agar supplemented with ampicillin (100 mg l 21 ). V. cholerae c.f.u. were counted after incubation at 37 8C on LB agar containing 50 mg l 21 polymyxin B. E. coli c.f.u. were counted following incubation at 37 8C on LB. V. harveyi does not grow at 37 8C and V. cholerae colonies are translucent under this condition, whereas E. coli colonies are opaque.
